A hallmark of G-protein-coupled receptors (GPCRs) is their ability to recognize and respond to chemically diverse ligands. Lysophospholipids constitute a relatively recent addition to these ligands and carry out their biological functions by activating G-proteins coupled to a large family of cell-surface receptors. This review aims to highlight salient features of cell signaling by one class of these receptors, known as lysophosphatidic acid (LPA) receptors, in the context of phosphatidylinositol 3-kinase (PI3K)-AKT pathway activation. LPA moieties efficiently activate AKT phosphorylation and activation in a multitude of cell types. The interplay between LPA, its receptors, the associated Gαi/o subunits, PI3K and AKT contributes to the regulation of cell survival, migration, proliferation and confers chemotherapy-resistance in certain cancers. However, detailed information on the regulation of PI3K-AKT signals induced by LPA receptors is missing from the literature. Here, some urgent issues for investigation are highlighted.
Introduction
Lipid signaling through G-protein-coupled receptors has relatively recently added a dimension to signaling research. The focus of this review is a diverse set of G-protein-coupled receptors (GPCRs) that respond to the glycerophospholipid lysophosphatidic acid (LPA) and activate the phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathway among others. LPA may potentially have a large impact on this important pathway, and thereby on cancer and several other diseases. LPA is widely present in almost all types of mammalian tissues examined [1, 2] . The highest concentration of LPA is present in serum (10 µM) and it has also been found in other body fluids and tissues including blood plasma, saliva, cerebrospinal fluid and semen [3] [4] [5] [6] . LPA is not a single molecule but a group of small sized species (molecular weight: 430-480 Da) having a glycerol backbone substituted with a phosphate group and an acyl chain in position 1 or 2 [7] . In humans the most abundant species of LPA is the 16:0 form, i.e. it contains a palmityl chain [1] . However, the term LPA is usually used to refer to the 18:1 species, which is also commonly used as a research reagent [5] . Other reported LPA moieties are 18:0, 18:2, 16:1 and 20:4 [7] (Figure 1 ).
All LPA species are biosynthesized via two major metabolic routes ( Figure 1 ). Depending upon the site of synthesis, membrane phospholipids get converted to the corresponding lysophospholipids by the action of phospholipase A1 (PLA1), phospholipase A2 (PLA2), or PLA1 and lecithin-cholesterol acyltransferase (LCAT). Autotaxin (ATX) then acts on the lysophospholipids and converts them into LPA species [8, 9] . The second pathway first converts the phospholipids into phosphatidic acid by the action of phospholipase D. Then PLA1 or PLA2 metabolize phosphatidic acid to the lysophosphatidic acids [3] . Extensive discussion of LPA metabolism is not a subject of this review but has been elegantly detailed elsewhere [1, 10] . The membrane phospholipids phosphatidyl choline (PC), phosphatidyl ethanolamine (PE) or phosphatidyl serine (PS) get converted into their corresponding lyso-forms by the action of phospholipase A1 and A2 (PLA1/2). Autotaxin (ATX) then generates different LPA species using the lyso-forms of membrane lipids. Alternatively, PC, PE or PS are catalyzed into phosphatidic acid (PA) by phospholipase D (PLD). PLA1/2 then acts on phosphatidic acid (PA) and form LPA. The structure of some common human LPAs is shown.
The ATX-associated LPA production and signaling has gained tremendous importance in recent studies [11, 12] . Initial data identified ATX as a factor responsible for enhanced cellular motility of melanoma cells. This activity was connected to G protein signaling based on the finding that pertussis toxin abrogated ATX-induced cell migration [13] . Further research revealed the expression pattern of ATX and established it as a major metabolic regulator of LPA generation [9, [14] [15] [16] . ATX-generated LPA activity is vital for maintenance of proper vascular and neural development [4, 10, [17] [18] [19] [20] [21] [22] . It is also implicated in the regulation of inflammatory responses including lymphocyte adhesion, as well as in proper bone development and reproduction, etc. [23] [24] [25] [26] . In the pathophysiology of cancer, the ATX-LPA axis is considered important for cell proliferation, migration and invasion in a multitude of cancer types including breast, colon, lung and liver [27] [28] [29] [30] [31] [32] . ATX activity and LPA levels are up-regulated in response to VEGF stimulation [33] . Furthermore, LPA up-regulates mRNA and protein levels of VEGF, which constitutes a vascular homeostasis-maintaining circuit [34] .
Some recent studies have implicated LPA in emergence of chemotherapy drug resistance in cancer cells [35, 36] . Venkatraman and colleagues used established breast cancer cell lines and a mouse model to show that LPA protects breast tumors from the destructive effects of doxorubicin by enhancing the expression and activity of NRF2-regulated antioxidant gene products. They also reported up-regulation of transporters widely recognized as major contributors to multidrug resistance in cancer cells [37] . Others have proposed a role for LPA in chemotherapy resistance of other types of cancers [36] .
The biological functions of LPA are mediated by at least six recognized cell-surface receptors [5] . The genes encoding these proteins are designated as LPAR1-6 in humans and Lpar1-6 in mice, while the receptors are termed as LPA1-6 [38] . All LPA receptors are rhodopsin-like 7-TM proteins that signal through at least two of the four Gα subunit families (Gα12/13, Gαq/11, Gαi/o and GαS) [1, 5] . LPA receptors usually trigger response from multiple heterotrimeric G-proteins, resulting in diverse outcomes in a context and cell type dependent manner (Figure 2 ) [39] . Gα12/13-mediated LPA signaling regulates cell migration, invasion and cytoskeletal re-adjustments through activation of RHO pathway proteins [40] . RAC activation downstream of Gαi/o-PI3K also regulates similar processes, but the most notable function of LPA-induced Gαi/o is mitogenic signaling through the RAF-MEK-MAPK cascade and survival signaling through the PI3K-AKT pathway [41] [42] [43] [44] . The LPA-coupled Gαq/11 protein primarily regulates Ca 2+ homeostasis through PLC and the second messengers IP3 and DAG [45] [46] [47] . Lastly, GαS can activate adenylyl cyclase and increase cAMP concentration upon LPA stimulation [48] . However, the same enzyme is also inhibited by Gαi/o, underscoring the complexity of signaling activity triggered downstream LPA receptors [49] . This aspect in terms of LPA-induced PI3K-AKT activation will be discussed in more details in a later section.
LPA Receptors 1-3 (The EDG Family)
LPA1-3 are also referred as the endothelial differentiation, G-protein-coupled (EDG) family of LPA receptors. This is because these were first identified as orphan GPCRs involved in endothelial gene differentiation in human umbilical vein endothelial cells [50] . Evidence that LPA is the ligand for one of these receptors (EDG2) came from the work of Jerold Chun and co-workers, who in 1996 showed that the previously known ventricular zone gene-1 encodes a functional G-protein-coupled LPA receptor in neuroblast cells [51] . This was followed by the identification of EDG1 as a functional sphingosine-1-phosphate (S1P) receptor [52] . Two more EDG-type receptors were subsequently identified as LPA2 (EDG4) and LPA3 (EDG7) based on homology to LPA1 [53, 54] .
LPA1 is a 41-kD protein that is widely expressed, albeit at different levels, in all human adult tissues examined [55] . The importance of LPA1 signaling during development and adult life has been demonstrated through numerous approaches. In developing mouse fetus, Lpar1 is highly expressed in the nervous system [20, 38] . In knockout experiments, 50% Lpar1´{´mice exhibited perinatal lethality and those that survived displayed retarded growth compared to the wild-type mice and other development abnormalities [56] .
LPA1 carries out downstream signaling by the activation of members from three of the four Gα subunit families (Gα 12/13, Gαq/11 and Gαi/o) [39] . LPA1 has not been shown to activate GαS. The pathways generated downstream of LPA1 regulate cytoskeletal organization and cell migration, cell proliferation, apoptosis, cell survival and Ca 2+ homeostasis [5, 57, 58] . LPA1 also lowers cAMP levels by inhibiting adenylyl cyclase, thus indirectly affecting a range of cAMP-regulated cellular processes [49] . Recently, crystal structures of antagonist-bound LPA1 were provided by Hanson and colleagues that will facilitate deeper understanding of the structural basis of LPA1 functions. According to their model, LPA1 exhibits similar as well as dissimilar features compared to the related S1P receptor. The extracellular ligand-binding pocket of LPA1 appears more flexible, enabling LPA1 to bind more diverse chemical moieties including ligands that can bind to the related cannabinoid receptor CB1 [59] .
LPA2 in humans is a 39-kD protein and consists of 351 amino acids. This receptor shares~55% amino acid sequence homology with LPA1 [5] . In adult humans, high level expression of LPA2 has been reported in leukocytes and testis. Moderate level expression is found in prostate, spleen, thymus and pancreas [55] . LPA2 is not expressed by cells of other vital organs such as brain, heart, etc. In mice, high level expression of Lpar2 observed at embryonic stage rapidly decreases at birth, and except for mouse kidney, testis and uterus, other adult tissues examined exhibit moderate to low levels of Lpar2 expression [60] . Lpar2´{´mice are viable and healthy, while those null for both Lpar1 and Lpar2 present with features essentially consistent with those of Lpar1´{´ [61] . These data indicate functional redundancy of LPA2 with LPA1. In terms of signaling activity, LPA2 mostly activates the same pathways as triggered by LPA1 [5, 39] . However, a notable difference is the unique cross-talk behavior attributed to LPA2. In this context, LPA2 regulates cell migration through interaction with thyroid receptor-interacting protein 6 (TRIP6), promoted by phosphorylation of TRIP6 by SRC [62, 63] . Interestingly, while LPA1 was reported to promote motility of pancreatic cancer cells, LPA2 activation inhibited EGF-induced migration and invasion of these cells downstream the Gα12/13-RHO cascade [32, 64] . In contrast, LPA2 promotes LPA-stimulated migration of gastric cancer cells [29] . This raises the possibility of finding further diversity in biological effects of LPA signaling in cancers and other diseases.
Human LPA3 is a 40-kD protein comprising 353 amino acids and shares sequence homology with LPA1 (~54%) and LPA2 (~49%) [5] . In adult humans LPAR3 is highly expressed in heart, pancreas, prostate and testis. Moderate levels of expression are also found in brain, lungs and ovary [55] . In other tissues its presence is either negligible or absent. During mouse development high level Lpar3 expression has been observed in embryonic heart and kidney. After birth the expression becomes more widely distributed and high to moderate Lpar3 levels are found in most adult mouse tissues [5, 60] .
Lpar3´{´mice are viable and normal, but the female null mice exhibit reproductive system abnormalities [56] . Evidence from such mouse studies and LPA level estimations in healthy human females and pregnant women has highlighted the importance of this lipid in the maintenance of proper female reproductive physiology [25] .
The signaling activity of LPA3 results from its coupling to Gαi/o and Gαq/11. Through these Gα proteins LPA3 can trigger the activation of PLC and MAPK. Its activity also regulates Ca +2 homeostasis and cAMP levels in the cells [65] .
LPA Receptors 4-6 (The Non-EDG Family)
Clues pointing towards the existence of unknown LPA receptors came from work on rodent cells that did not express the classical LPA receptors and LPA1/LPA2 double-null fibroblasts lacking LPA3 expression, both of which gave excellent response to LPA stimulation [66, 67] . Furthermore, platelets responded to a chemically distinct alkylated form of LPA not preferred by LPA1-3, indicating presence of another LPA-accepting moiety [68] .
The first so-called non-EDG LPA receptor was identified by Kyoko Noguchi and his colleagues in 2003. Named as LPA4, the receptor shares little homology (~20%) with the EDG family of LPA receptors. However, LPA4 showed similarity to the previously known P2Y family of purinergic receptors [69] . In humans LPA4 has a molecular weight of 42-kD and comprises 370 amino acids and the gene encoding this receptor is highly expressed in ovaries [5, 70] . Moderate to low level expression has also been found in other tissues. The mouse gene appears more widely expressed during embryonic stage and in adult tissues [71] . Increased prenatal death has been noted in Lpar4´{´mice compared to normal, but the majority of them survives and is normal [66, 71] . In terms of signaling function LPA4 has been reported to associate with all four Gα subunit families, triggering a multitude of cascades in different cells [72] . Most notably, LPA4 is the only receptor that activates adenylyl cyclase and thus causes a rise in cAMP levels in cells [48] . It also enhances cell-adhesion and is known to negatively regulate cell migration [73] .
LPA5 is one of the two more recently identified LPA receptors [70] . This protein comprising 372 amino acids shares around~35% homology with LPA4 [5] . Lpar5 is widely expressed and distributed in adult and developing mice. It is also highly expressed in different parts of developing brain [38, 60] . In humans high LPAR5 expression is limited to spleen. Lpar5´{´mice are viable and normal and do not exhibit any obvious phenotype after birth [56] . The signaling activity of LPA5 is mediated by Gα12/13 and Gαq/11 [67] . It has been implicated in the regulation of water absorption, Ca 2+ mobilization and increase in cAMP levels [70] . Activation of LPA5 inhibits matrix metalloproteases and negatively affects motility of 3T3 and rat sarcoma cells [74, 75] . In a recent study, this receptor was shown to block migration and matrigel invasion of melanoma cells. Lpar5´{´null mice also exhibit reduced lung metastasis by melanoma cells compared to wild type cells [76] . These data merit further detailed investigations into the role of LPA5 in human cancers and other diseases. [77, 78] . So far, researchers have been able to couple LPA6 with RHO signaling through Gα12/13 [79] . This implies that future studies will uncover further details of LPA6 biology and functions. The tissue distribution and main function of the different LPA receptors are summarized in Table 1 .
PI3K-AKT Pathway and Its Regulation
The PI3K-AKT pathway generates signals regulating a wide range of reactions, in particular events involved in cell survival and metabolism. AKT activation is regulated at several levels, and defect regulation of the PI3K-AKT pathway is linked to diseases including cancer, diabetes, and atherosclerosis [80] [81] [82] . Elevated AKT activity is commonly seen in metastatic tumors and continues to be a topic under intense research since AKT makes important contributions both to the invasive behavior of the cells and to their resistance to anti-tumor medical treatment [83] .
The available information on the regulation of the PI3K-AKT pathway is becoming increasingly complex. Actually, the concept of one pathway may be considered obsolete since the different isoforms of PI3K and AKT are regulated differently and mediate different functions. Early on, some of the key steps were identified, which can be summarized in the following points. Some PI3Ks can be activated by binding of the regulatory subunit to specific phosphorylated tyrosines in cell surface receptors or adaptor proteins and by binding of the catalytic subunit to GTP-RAS [84, 85] . The generation of PI3,4P 2 and PI3,4,5P 3 by PI3K creates binding sites for AKT at the plasma membrane and enables the subsequent activating phosphorylation of AKT at Thr308 in the kinase domain by PDK1 and Ser473 in the so called hydrophobic motif, mainly by TORC2 [86, 87] . PTEN negatively regulates the pathway by dephosphorylating the inositol 3'-phosphate group [88] . Together, this information formed a basic model for AKT activation.
However, the mechanism for PI3K-AKT activation exhibits stimuli-specific variations. The different PI3Ks are activated in receptor-specific manners and by distinct GTPases of the RAS and RHO families. Some well-documented examples are the selective activation of enzymes containing the catalytic subunit p110α or p110δ by tyrosine kinase receptors, while p110β and p110γ PI3Ks are activated by GPCRs [44] . Integrins also induce PI3K activity, which at least for β1-integrins occurs through p110α [89, 90] . p110α and p110γ can interact with several RAS proteins, including H-, N-, K-, R-RAS and TC21, while p110δ interacts with R-RAS and TC21 [91] . In contrast, p110β does not interact with RAS proteins, but is instead regulated by RAC and CDC42 [92] .
The three AKT isoforms have been reported to localize to the cytoplasm, the plasma membrane, the nucleus and mitochondria with different preferences [93] . They appear to elicit partly overlapping responses, but the regulation of epithelial-mesenchymal transition (EMT) and E-cadherin expression are examples where AKT1 and 2 can induce opposite responses [94] . Although the PI3Ks discussed above catalyze the same reaction, 3'-phosphorylation of phosphatidylinositols, which is essential for the phosphorylation of AKT at Thr308 and Ser473, the AKT regulatory steps downstream of PI3K have been described to vary depending on the initial receptor stimuli. PAK and Freud1/Aki1 were shown to have scaffolding functions necessary for PDGF-and EGF-induced AKT activation, respectively, a role also ascribed to β-arrestin-2 during insulin stimulation [95] [96] [97] . Furthermore, multiple additional modifications of AKTs besides phosphorylation of Thr308 and Ser473 have been reported, including tyrosine phosphorylations, ubiquitinations, SUMOylation, and O-GlcNAcylation [98] . Among these, K63-linked ubiquitination has been shown to be critically required for AKT phosphorylation and activation upon certain stimuli, i.e., LPS, IL-1, EGF, and IGF-1 [98] . Three phosphatases (PP2A, PHLPP 1, and PHLPP 2) and a de-ubiquitinase (CYLD) have been identified to act on AKT, adding further diversity to the regulation of AKT activity [84, 98, 99] . Whether the various posttranslational modifications are specific for particular AKT isoforms remain to be established.
The LPA-PI3K-AKT Signaling Axis
LPA stimulation results in robust signaling from PI3K and resultant AKT phosphorylation on Thr308 and Ser473 [90, 100] . As described above, this pathway is coupled to the LPA receptors through the Gαi/oβγ proteins, and notably, Gαi/oβγ can be activated by all six LPA receptors. The PI3K catalytic isoform that is activated by a majority of GPCRs, including LPA receptors, is p110β [44] . LPA-activated AKT primarily contributes to cell survival but may also provide inputs towards other processes such as cell migration and proliferation [43, 101] . In Schwann cells, AKT activation promotes cell survival and also affects differentiation in response to LPA stimulation [57, 102] . Recently, it was shown that LPA protects cervical cancer cells from Cisplatin-mediated cell death through a PI3K-AKT pathway [36] . Interestingly, Murga and colleagues have shown that LPA-induced AKT activation is mediated by the Gβγ complex and not the Gα subunit [103] . The exact mechanistic details of how this is regulated remain obscure.
LPA signaling through Gαi/oβγ also results in MAPK pathway activation, and there is some evidence of cross-talk with PI3K-AKT [42] . P38MAPK has been shown as vital for LPA-or S1P-induced AKT Ser473 phosphorylation in different cancer cell lines, where P38MAPK was proposed as the kinase responsible for this hydrophobic motif modification [104] . This is in contrast to the now widely accepted view that mTORC2 is responsible for Ser473 phosphorylation on AKT in mammalian and insect cells [86] . However, as recently shown by us, this regulatory phosphorylation is complex and other kinases than mTORC2 may be preferred by cells under different situations [90] . In terms of LPA signaling, we found that AKT phospho-Ser473 levels remain unaffected after mTORC2 inactivation by RICTOR knockdown in HeLa cells while it is significantly reduced in MCF7 cells. These results possibly reflect diverging signaling pathways triggered by distinct LPA receptors expressed by these cells (Figure 3 ). This situation should be considered when anti-tumor treatments are designed [105] . In fact, it has been reported that LPA receptors are highly expressed in drug-resistant cervical cancer cells and confer this resistance through AKT [36] . This supports the hypothesis that the type of LPA receptor expressed by cells is a major determinant of LPA-PI3K-AKT survival signaling. 
Future Prospects
The importance of LPA-induced AKT functions has not received proper attention until relatively recently, and several key questions need to be clarified.
(1) Which AKT isoform(s) is/are activated by each of the different LPA receptors? It is becoming increasingly clear that AKT isoforms perform overlapping as well as isoform-specific functions in cells. Elucidating and understanding these functions is vital due to the involvement of PI3K-AKT pathway in a number of diseases.
(2) The importance of ubiquitination for AKT phosphorylation after several stimuli has recently been described. Is ubiquitination involved in the AKT regulation downstream LPA receptors as well? If so, by which ubiquitin ligase(s)? (3) Are the regulatory mechanisms for AKT activation used by the six LPA receptors, the same or different in any respect? This issue is important to clarify, in order to efficiently target the LPAR-PI3K-AKT axis during tumor treatment.
(4) A more detailed understanding of cross-talk between LPA receptors and other cell-surface receptors is imperative for broader understanding of cellular signaling from this class of GPCRs.
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